Abstract-A most compact all-metallic high-speed in-phase and quadrature modulator with a 36 µm fiber-to-fiber pitch operating at 200 Gbit/s is introduced. All components of the modulator are made of metal: The vertical crating couplers, the waveguides, polarization rotators, splitters, and phase shifters. As the modulator relies on substrate-independent processes, it can basically be put down on any smooth layer. The modulator is interconnected to a multicore fiber for optical input and output coupling. We demonstrate 100 GBd signal modulation with a quadrature phase-shift keying modulation format and a bit-error ratio below the harddecision forward error correction. The metallic modulator shows the potential of plasmonics in offering highest speed and advanced modulations on a smallest possible footprint. The simple fabrication makes it attractive for low-cost applications such as short-haul and data-center networks.
I. INTRODUCTION

I
N-PHASE and quadrature (IQ) modulators are key elements in today's optical communication systems and are increasingly deployed in long-and medium-haul coherent optical communication systems. IQ modulators allow for the generation of advanced modulation formats, such as quadrature phase-shift keying (QPSK) and quadrature amplitude modulation (QAM) that offer increased data capacities. If IQ modulators would come with a smaller footprint and were simpler in fabrication, Manuscript they likely would find more widespread deployment and would be interesting for deployment in short-haul and data-center networks [1] , [2] . An IQ modulator has two nested Mach-Zehnder modulators (MZMs) and thus allows encoding of information both on the real and imaginary part of an optical carrier. State-of-the-art IQ modulators are based on LiNbO 3 , silicon photonics, indium phosphide (InP), or the silicon-organic-hybrid (SOH) platform. Bulk LiNbO 3 IQ modulators are widely used in current long-haul optical communication systems and QPSK modulation with a symbol rate of 180 GBd has already been demonstrated for transmission over 4480 km [3] . However, LiNbO 3 IQ modulators have typical sizes in the order of cm. Shorter IQ modulators are based on the silicon-photonics or InP platforms [4] - [6] . Recent demonstrations include 32-QAM data transmissions with symbol rates of 70 GBd in silicon [5] and 100 GBd in InP [6] , respectively. Still, these devices have mm lengths due to a relatively small electro-optical effect [5] , [6] . Alternative approaches to these integrated IQ modulators are based on the SOH approach, which combines silicon-photonic waveguides with organic electro-optic (OEO) materials [7] . SOH IQ modulators [8] , [9] have been used to generate 100 GBd 16-QAM signals [9] . Such modulators typically have active section lengths of 500 μm.
Plasmonic modulators have gained great interest as a solution to the scaling challenge with the device footprint. While many researchers have proposed plasmonic modulators based on alternative switching technologies [10] , Pockels-effect plasmonic modulators have demonstrated integration densities on the μm-scale in combination with highest speed [11] - [13] . By using an OEO material in a metal-insulator-metal (MIM) slot waveguide [14] , the light can be confined in a small region beyond the diffraction limit. Thus, the device footprints of Pockels-effect plasmonic modulators can be shrunk into a modulator of a few μm length. Additionally, their operation bandwidths are very high because RC time constants are very small owing to low resistance and small capacitance of the small metallic waveguides [15] . Therefore, it has been already shown that Pockelseffect plasmonic modulators have frequency responses beyond the THz [16] and thus can deal with more than 100 Gbit/s operation speed [17] , [18] . Also, when operating Pockels-effect plasmonic modulators with a low driver-voltage of 0.7 V pp , 0733-8724 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. energy consumption of 1.8 fJ/bit [19] and even aJ/bit operation has been demonstrated [18] . Despite the compact footprint of these Pockels-effect plasmonic modulators, the overall footprint of the modulators remains large, because they need to be co-integrated with other passive components for light coupling and splitting thatsince they are based on photonics -consume a large footprint. Recently, an all-metallic plasmonic MZM has been recently proposed and demonstrated [12] . The all-metallic modulator was fabricated in a single metal layer not only including plasmonic Mach-Zehnder interferometer but also built-in fiber couplers and splitters. The modulator has been operated at speeds up to 116 Gbit/s. However, said modulator was realized as a relatively simple Mach-Zehnder interferometer. The question now is if more complex IQ modulators with a higher integration density are feasible.
In this paper, we introduce a most compact high-speed allmetallic IQ modulator. The modulator has a fiber-to-fiber length of 36 μm and couples to the cores of a multicore fiber, see Fig. 1 . To keep the footprint small, only plasmonic elements have been used. For instance, metallic grating couplers, plasmonic polarization rotators, plasmonic splitters and plasmonic phase shifters have been used. The modulator is technology agnostic, i.e., the modulator does not require a particular fabrication platform and is, e.g., compatible with silicon, gallium arsenide (GaAs) or InP substrates, because it relies only on metal and OEO materials. We tested the all-plasmonic IQ modulator for operation speeds up to 200 Gbit/s QPSK within bit-error ratios (BERs) of 3.64 × 10 −3 . The paper is an extended version of an ECOC post-deadline paper published in Ref. [20] . The text is organized along IV sections. The operation principle is explained in Section II. The fabrication is given in Section III and the experimental results are shown in Section IV.
II. PRINCIPLE OF OPERATION Fig. 1 shows a false-color SEM image of the high-speed allmetallic IQ modulator. The modulator consists of four metallic components: Vertical grating couplers (GCs), polarization rotators, splitters, and phase modulators, see Fig. 2(a) for a close-up view. All these components are made of gold and placed with a 
fiber-to-fiber pitch of only 36 μm, which is the core distance of a MCF.
The input optical carrier is launched to the device through a core of the MCF and each core has a fiber mode diameter of 6 μm. A vertical grating coupler converts the input fiber mode into surface plasmon polariton (SPP), which has a mode size of ∼500 nm. The vertical grating coupler consists of stair-case gratings and each grating has two diffraction points. Since the diffraction points have a phase difference of π/2, the input light couples constructively only in one direction but destructively in the other direction [12] , [21] . The plot in Fig. 2(b) shows a field simulation obtained by a 2D-FDTD calculation. In simulations, the metallic focusing grating coupler offers coupling losses in the order of 5 dB per coupler with a 1 dB-bandwidth of ∼90 nm.
Behind the grating coupler, the polarization of the SPP mode is aligned as a TM mode with an electrical field perpendicular to the metallic surface, see Fig. 2(c) . The SPP propagates within a metallic taper to the polarization rotator and splitter section. The polarization rotator, see Fig. 2(d) , serves to convert the surface plasmon mode into gap plasmon modes with horizontally aligned polarizations. In the polarization rotator sections, the polarization is flipped and the light is squeezed into two MIM slot waveguides, see Fig. 2 (e). The gap plasmons are then guided to another splitter section and the gap plasmon modes are split upon four MIM gap plasmon modes by means of these Y-splitters, see Fig. 2(f) . The simulations in Fig. 2(c) to (f) have been produced by 3D-FDTD.
The modulation occurs at the phase shifter section and a magnified image of the four phase modulators is shown in Fig. 3(a) . The MIM slot-waveguides have a length of 16 μm and are filled with an OEO material, which induces a refractive index change through the Pockels effect [22] . The light is strongly confined inside the gap and thus modulation can be induced efficiently. We apply driving electrical signals to the inner I and Q contacts, S I and S Q , respectively. These contacts are electrically connected with external contact pads through the suspended bridge structures. The driving voltages are applied in different directions from the poling voltages, and thus each modulator works in push-pull operation. In order to induce modulation on the in-phase and quadrature phase of the carrier, one needs to implement a π/2-phase difference between two in-phase and quadrature-phase MZMs in the upper and lower arms. Here, we apply two geometrical distortions to induce the required phase difference, see Fig. 4 . First, we increase the slot width of the upper arm (I-MZM) by Δw over the width of the lower arm (Q-MZM). A narrower slot width comes with a larger effective refractive index within a MIM waveguide, which leads to a longer optical path. Second, the upper MZM is geometrically offset by Δy against the MZM in the lower arm and thus the light has to propagate a longer distance. Additionally, in the experiment, we applied an offset bias voltage to either the Inphase-or Quadrature-MZM to fine-tune the phase-offset to the value of π/2.
Furthermore, for an ideal operation the two MZM should be operated in the null-point. For this, one has to apply an offset phase of π between the MZM arms. This phase offset has been obtained by fabricating the MZM gaps with different slot widths (e.g., 90 nm/100 nm).
The output signals of the two MZIs are then fed back into a plasmonic combiner. This combiner has an inherent 3 dB loss Fig. 5 . Schematic of the coherent data transmission experimental setup. The electrical IQ signals are provided from a DAC. The signals are first amplified and fed onto the contact pads of the device. We also apply bias voltages between 0 to 5 volts to adjust the operation points of I and Q MZMs. A continuous-wave optical carrier was supplied from a laser and split by an optical coupler. One part of the optical carrier is fed into the device through a core of a MCF, and the other part is used as the local oscillator input of the coherent receiver. The modulated optical signal is coupled out from another core of the MCF and received by the coherent receiver. The received signal was sampled by a real-time oscilloscope and offline processed. The constellation diagrams with 25, 50 and 100 GBd symbol rates are shown in the subset of the figure. because it combines the different signals encoded by the I and Q MZMs with π/2 phase difference.
III. DEVICE FABRICATION
The all-metallic IQ modulators were fabricated on a 6.2 μm-thick SiO 2 layer on a silicon wafer. First, we deposited a gold layer using electron-beam evaporation (Evatec501) with a thickness of 200 nm. The device pattern including polarization rotator, splitter and MIM slot waveguides was defined by electron-beam lithography (Vistec EBPG5200) with negativetone resist and dry-etching process with argon (Ar) ions (Oxford IonFab300). We used two-step dry-etching process with Ar-ions for the stair-case gratings. The suspending bridge structures were fabricated by a gold lift-off process with a sacrificial layer. The entire chip was spin-coated with the nonlinear OEO material, 75%HD-BB-OH/25%YLD124 [23] , which also functions as a top cladding layer. Poling voltages were applied to the external electrodes between G IQ and G I (or G Q , where G I and G Q are electrically connected).
IV. DATA EXPERIMENTS
We performed data modulation experiments with the fabricated devices. The schematic of the experimental setup is shown in Fig. 5 . Electrical signals for the I and Q MZMs were generated from a digital-to-analog converter (DAC, Micram DAC4 with a sampling rate of 100 GSa/s). With the DAC, we produced non-return-to-zero (NRZ) signals with symbol rates of 25, 50 and 100 GBd. The electrical signals were transmitted to external electrodes of the device through GSG probes and the peak voltage after amplification was measured to be V p = 2.5 V. We also used bias Tees to adjust the operating points of the MZMs. Continuous-wave (CW) laser light at a wavelength of 1550 nm with an output power of 14 dBm was fed into the device through one core of the MCF and the modulated signal was then coupled out to a neighboring core. The modulated optical signal was amplified by a low-noise erbium-doped fiber amplifier (EDFA, with a gain of 35 dB) and filtered by an optical bandpass filter. The signal was fed to a coherent receiver, which consists of an optical 90°hybrid and balanced photo detectors (BPDs). The coherent receiver mixes the modulated signal with a split fraction of the input CW carrier as a local oscillator. The signal was finally digitized by a real-time oscilloscope (Sampling rate: 160 GSa/s, 3 dB bandwidth: 63 GHz). The recorded waveforms were analyzed through offline digital signal processing (DSP) using Matlab. The offline DSP included static equalization, timing recovery [24] , adaptive linear and nonlinear equalization, and symbol decision.
The constellation diagrams of the received signals with 25, 50 and 100 GBd are shown in the subset of Fig. 5 . The IQ modulator has successfully achieved 100 GBd QPSK modulation, resulting in a 200 Gbit/s data transmission with a BER of 3.64 × 10 −3 . This BER is under the threshold 4.5 × 10 −3 for hard-decision forward error correction (FEC) with a 7% overhead [25] . It is noted that the BERs of the 25 and 50 GBd signals are further below this FEC limit.
The fiber-to-fiber losses across several devices have been measured to be between 28 and 37 dB. From simulation results, we expect total insertion losses for the IQ modulator in the order of 23.9 dB, of which 5.0 dB are attributed to each of the focusing grating couplers, 2.1 dB to the polarization rotator sections, 6.7 dB to the MIM phase modulators and the inherent 3 dB loss of the IQ modulator. There is quite some margin for improving the losses of the plasmonic modulators. First, losses can be reduced by a better control over the technology. With the rapid progress in extreme UV lithography and industrial fabrication conditions, this should actually be possible in the future. Further reduction of the losses may be obtained by further optimization of the modulator. So for instance, simulations indicate that by patterning the cladding layers, the coupling loss of the focusing grating coupler and polarization rotator can be reduced by 1 dB and thus 2 dB for two sides. Also, optimization of new materials with larger nonlinearities will help to shorten the length and reduce the insertion loss of the active section [22] , [26] , [27] . Assuming an electro-optic coefficient of r 33 = 300 pm/V, one can reduce the active phase-shifter section to 5 μm which would reduce the plasmonic losses by another ∼4.6 dB. This way total fiber-to-fiber losses could be in the order of 14.3 dB + 3 dB inherent loss of an IQ modulator. For further improvement one can remove the redundant polarization rotator sections in a future design.
